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Upper Algal (?) Band.
Pot-holes Bed .

Mudstone .
Spotted Beds

Thin Mudstone
Rous;h Beds

Calcite Mudstone

White Beds

Algae (?) (Frizington); plants in the sandstone.
Standard fauna, D2 corals abundant; Saccammina

in upper beds.
Mudstone unfossi'iferous ; plants in sandstone.
Brachiopods particularly abundant in top beds;

foraniinifera abundant, large Textularia sp.
characteristic. Lonsdaleia sp. [var. in which
many septa reach theca]. Lithostrotion irregulars
Phil!, abundant.

No fossils.
Typical D2-fauna abundant, with many lameilibranchs

in lower portion. Chonelcs cf. comoides occurs in
band near base, and Girmnella sp. occurs
encrusting crinoid stems and coral fragments in
a band at the base and is found in the calcite-
mudstone immediately below. Chief associated
forms are: Produchts edelhurgensis Phil].,
P. maximus McCoy, Chonetes compressa Sibly,
Pugnaxpleurodon (Phill.), Spirifer bixulcuius J. de
C. Sow., Dibunophyllum 6 Vaughan, Caninia
deniiculata Thorn., Lonsdaleia floriformis (Mart.)
mut. crassiconus S. Smith, Carcinophyllum sp.,
Zaphrentis sp., Cyathophyllum murchisoni Edw. &
H., and Lithostrotion irregular e, Phill.;

Spirorbis-like annelids, Gircanella sp., and many
small gastropods.

Brachiopods abundant in upper beds; Productus
cora d'Orb. mut. Di, P. hemisphericus J. Sow.,
Schizophoria resupinata (Ha,it.),Cyrtinaseptosa (?)
Phill. A gastropod, Straparollns acutus (Sby.),
is common. Cora!s abundant, especially in lower
beds, and typical of Di : Cyathophyllum
murchisoni Edw. & H., Carcinophyllum 0Vaughan,
Dibunophyllum 0 Vaughan, Caninia cf. derbiensis
Vaughan, Lonsdaleia duplicata (Mart.), and a
Clisiophylloid LithoHrotion.

(To be continued.)

The Petrology of the Pennant Series, East of the
River Taff.

By A. HEARD, M.SC, F.G.S., University College of South Wales
and Monmouthshire.

A LTHOUGH much geological research has been done on the Coal
-^- Measures of South Wales, little detailed work on the petrology
of the series, east of the River Taff, has been published. This work
•has been undertaken in the hope 'that the petrology of the district
may give a foundation for a reliable correlation or may give a clearer
conception of the conditions of deposition and the source of the
sediments than is obtained from a study of the coal-seams alone.

The Coal Measures of South Wales are divided into three main
groups : the Lower Coal Series, the Pennant Sandstone, and the
Upper Coal Series. The upper boundary of the massive sandstone
series known as the Pennant Grit, is denned by the Mynyddislwyn
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coal seam of Monmouthshire, and the lower boundary by the No. 2
Ehondda coal seam.1

This petrological investigation is chiefly concerned with the
Pennants, east of the River Taff, but has been extended to certain
areas, such as Garth Hill, west of the Taff. The rock-specimens
examined have been selected from various horizons at different
localities along the south crop of the coalfield, and from districts
as far north as Perndale, in the Rhondda Valley.

Immediately below the No. 2 Rhondda is a mass of sandstone
which so closely resembles the Pennants that it is impossible to
distinguish between the two in hand-specimens. These sandstones
from the upper part of the Lower Coal Series have been included in
the work for the purpose of establishing a relation between them and
the Pennants.

Macroscopically, the Pennants may be described as compact
micaceous sandstones and flags. The colour in unweathered
specimens varies from grey to green, and is sometimes almost black
where there is a local concentration of carbonaceous material.
Frequently the rock is highly false-bedded, and small lenticular
coal-seams appear at many horizons, consisting of material which
is clearly detrital matter. Often the sandstones are massive, without
any concentration of coal, but in this massive rock silicified plant
remains have been found, including numerous large Calamites.
Bands of conglomerate and shales are exposed at certain horizons
and near the Taff thin sulphury coal-seams appear.

APPEARANCE IN THIN SECTION.

A large number of specimens of Pennant Sandstone, from many
different localities, have been sliced and examined. There is little
variation shown in the different thin sections. Under the micro-
scope the rock is seen to be a fairly even-grained sandstone, con-
sisting mainly of quartz grains set in a matrix, which is difficult to
determine microscopically. Generally an aggregate polarization
is shown. Secondly, white mica and quartz are the only minerals
which can be identified in the matrix. The secondary quartz is
occasionally found enveloping the original quartz grains.

On the whole there is considerable uniformity in the size of the
quartz grains, the average diameter being about -3 mm. in the
normal sandstone. These grains are subangular, but tend to
become angular with a diminution in size. Much of this angularity
is probably due to a secondary deposition of silica. The quartz is
clear and remarkably free from inclusions. Undulose extinction
is rare in the smaller grains, although in the larger grains it is
occasionally visible. Chert is common throughout the series, its
brown or yellow colour and its cryptocrystalline structure affording
a ready means of recognition. Detrital colourless mica is very

1 A. Strahan in "The Country around Newport": Mem. Geol. Sun:,
1909, p. 28.
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abundant, in frayed and twisted laths.' The felspars are so altered
that their exact species cannot be determined with certainty. Dark
mica is present in the form of a few frayed laths, which show but
little trace of alteration. Chlorite is abundant at every horizon.
Black opaque material is common and appears to be mostly
carbonaceous matter. Subangular fragments of shale are found
scattered throughout the series. Corundum has been detected in a
few slides.

THE HEAVY MINERALS.

Specimens of the Pennant Sandstone from numerous localities
were crushed but not ground in a mortar, and were subsequently
placed upon a series of sieves of mesh 30, 60, 90 to the inch, and well
shaken. Most of the heavy minerals passed the 90 mesh, especially
the zircon and rutile grains.

The fine dust was removed by careful washing. The pounded
rock was not treated with hydrochloric acid before the heavy liquid
separation, as this destroyed many of the minerals. The crushed
rock was treated with heavy solutions in order to isolate groups of
minerals of known density.

The following heavy solutions were used :—
Sonstadt Solution, Specific Gravity = 26
Bromoform, ,, „ = 2'9
Sonstadt Solution, ,, ,, = 3'16
Mercurous Nitrate „ ,, = 4-3

The bar-magnet and an electro-magnet with adjustable pole-
pieces were also utilized, and, after a little experience, it was seldom
found necessary to employ a heavy liquid with a S.G. greater than
2'9, except for the purpose of confirmatory tests. The use of simple
micro-chemical tests proved valuable in confirming the presence of
certain minerals.

The grains, which were isolated by means of hand-picking under
a lens, were mounted either in clove oil (Refractive Index = 1'53)
or Canada Balsam for microscopic investigation.

The following minerals were separated :—
Siderite.—Moderately magnetic grains with S.G. greater than

3-16. These appeared yellowish in reflected light, and had a high
refractive index. Many of the grains were granular and contained
particles of carbonaceous matter. In warm hydrochloric acid these
fragments gave off an evolution of gas (CO2), and generally a minute
particle of angular silica was left behind after all action had ceased.
Much iron was found in the solution on testing. These grains
appeared to be free from calcite when the alum test was applied.1

Sphwrosiderite.—Numerous almost perfectly rounded grains have
been placed in this group, distinct from that of siderite, on account
of their characteristic form. These bodies were drawn from
separation of density greater than 3-18 and less than 4 3 by means

1 Weinschenk (Clark), Petrog. Methods, 1912, p. 151.
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of an electro-magnet; they had an average diameter of about
Ol mm.,' and were soluble in hydrocbloric acid. No nucleus of
quartz was observed after all action had ceased. When viewed
under the microscope in convergent light and between crossed
nicols, beautiful concentric and spherulitic structures w ere presented;
these bodies show the black cross characteristic of radiate aggregates.
Other carbonates may have been present in isomorphous intergrowth
with the iron carbonate, but neither calcium nor magnesium was
detected by chemical tests.

Cordierite.—Fairly fresh grains of this mineral were not abundant,
although some samples were found in practically every horizon
examined. The grains were irregular, but a few showed traces of a
short prismatic habit. The colourless crystals were easily
distinguished from quartz by means of their characteristic inclusions
of zircon and magnetite. Even the freshest grains showed the
beginning of an alteration to a greenish chloritic substance at the
edges or near the inclusions. The crystals were drawn out of a crop
of density greater than 2'9 by the electro-magnet. This slightly
magnetic character was probably due to the inclusions of magnetite,
which with those of zircon probably caused the density to be greater
than that of normal cordierite.

Zircon was abundant in all horizons of the Pennants, occurring
in well-developed prismatic grains of an average size 0-15 by 0'05 mm.
Some of the crystals presented an almost perfect form, giving an
angle of approximately 48 degrees between prism and pyramid.
Many grains were slightly clouded, and showed a zonal structure,
a few of these were reddish and slightly magnetic, and may have
been xenotime.

Rutile.—This mineral was present throughout the series in sub-
ordinate quantities. It generally occurs in the form of rounded
yellow or brownish-red grains, although colourless rutile has been
detected. Occasionally heart-shaped and geniculate twins were
observed. Rutile needles were found in the clays and shales, but
not in the sandstones. Its extremely high refractive index, its
density, and its sub-metallic lustre, enabled this mineral to be
easily detected. A few of the red grains were slightly magnetic,
and were probably ferriferous.

Muscovite was separated with difficulty by means of heavy
solutions, on account of the large surface area of the cleavage flakes,
which caused it to be distributed in all the crops. It was easily
separated by rolling the flakes down a rough paper tube, when the
mica cleavage flakes remained on the rough paper. Most of the
fragments showed some trace of hexagonal structure, and were
either dark or gave low interference colours between crossed nicols.
Inclusions were frequently present. The secondary mica was in the
form of dense scaly aggregates.

Pyrrholite was found in relatively large quantities at almost
every horizon. The grains were irregular, and varied in colour from
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a tarnished brown to black. The mineral was picked out by means
of a hand magnet, and was decomposed in hydrochloric acid with
an evolution of gas.

Chlorite occurred as green scaly aggregates, and also as well-
defined green pleochroic cleavage-flakes. This was one of the
most abundant of the heavy minerals.

Fluorite has only been observed in one separation from the middle
of the Pennants in the South Crop, south of Caerphilly, in the form
of triangular cleavage flakes, resulting from the octahedral cleavage.
These flakes were colourless and isotropic, and had a refractive
index less than that of Canada Balsam.

Corundum was detected occasionally in the crops of the minerals
from the sandstones, but a much larger proportion exists in the
shales. It occurs as beautiful patchy royal-blue crystals with a very
high refractive index and low polarization colours. These crystals
appear to have a prismatic form, with cross striations.

Pyrites occurred in irregular nodules, with a bronze-yellow colour
in reflected light; these nodules were insoluble in hydrochloric
acid, but soluble in nitric acid.

Biotite.—A few thin plates of this mineral have been observed,
varying in colour from a dark brown to black. These flakes were
drawn from a crop of density greater than 2-9 and less than 3-16
by means of the electro-magnet.

Glauconite.—A few slightly magnetic grains of density less than
2'6 have been referred to this mineral.

Tourmaline in yellowish-brown grains is fairly common.
There is a marked pleochroism in these brown grains. Frequently
these grains appear as worn, elongated prisms with a high
birefringence.

A few grains of a blue mineral occurring in rounded fragments
with a very slight pleochroism have been identified as blue
tourmaline. These grains appear to be distinct from those described
above as corundum.

THE CEMEXT.

From the beginning of the work considerable difficulty was
experienced in determining the nature of the cement, which in thin
section appeared merely as a blotchy aggregate. White mica and
silica were the only minerals which could be identified with certainty.
The remarkable clearness of the grains of quartz and the absence
of a reddish colouring precluded the presence of iron oxide ; and
although both siliceous and carbonaceous materials were present,
these formed only a small proportion of the cement.

When the powdered Pennant Sandstone was treated with hydro-
chloric acid a brisk effervescence immediately began, and increased
on warming. The lime-water test proved this gas to be carbon
dioxide. The solution on testing revealed the presence of both lime
and iron, and the difficulty arose of proving that the iron, as well as
the calcium, was originally in the form of a carbonate. After
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a number of fruitless experiments, advantage was taken of the fact
that a potash-alum solution dissolves calcite. Control experiments
were carried out with calcite and siderite. Calcite proved to be
soluble in a cold alum. solution ; siderite was insoluble, even after
boiling and standing for forty hours. Hence it was concluded that
an alum solution would dissolve the calcium carbonate from the
original rock, and leave the iron carbonate—if present—behind.

A small quantity of the powdered sandstone was heated in an alum
solution ; an evolution of carbon dioxide began, thus demonstrating
the presence of calcite. . The solution, after being left for a day, was
filtered and tested for iron, but none had been taken up from the
rock. The residue was treated with dilute hydrochloric acid ; an
evolution of gas commenced, and the solution on testing revealed
a relatively large proportion of iron. Attempts were made
to estimate quantitatively the amount of calcium carbonate by this
method; the average percentage was 2-2'3. Quantitative chemical
analyses gave about 0'9 per cent calcium = 2-2 per cent calcium
carbonate, thus demonstrating the fact that practically all the
calcium carbonate had been removed by the alum solution.

EFFECTS ON IGNITION.

The air-dried, powdered Pennant Sandstone was a greyish white
before ignition. After ignition in an open crucible the powder
changed to a pale salmon colour, forming a vivid contrast when
placed side by side with the original powder. This change in colour
was attributed to the calcination of the iron carbonate in the cement.
The effects of ignition were still more strikingly demonstrated when
the quartz grains from the original rock were mounted with grains
from a sample which had been ignited and viewed under the micro-
scope in reflected light. The former were clear, while the ignited
grains were coated with a pellicle of iron oxide. Hence it was con-
cluded that iron carbonate was present in the cement in relatively
large quantity, in addition to calcite, secondary quartz, and
carbonaceous material.

THE CARBONACEOUS MATERIAL.

Carbonaceous matter was scattered throughout the rock in varying
proportions, and generally in angular form. To eliminate any
possibility of this black material being graphite, numerous fragments
were placed on zinc and immersed in a copper sulphate solution.
When placed under the microscope no coating of copper on the zinc
was observed, and it was concluded that no graphite was present.
Grains were treated with nitric acid and potassium chlorate, and then
with ammonia. When mounted a few of these fragments yielded
clear indications of plant structure. Portions of cuticle enveloping
nodular masses were found. These may have been spore-cases;
but were not so well defined as to be determined with certainty.
Excellently well preserved specimens of woody tissue were present;
the walls were relatively thick, and showed no signs of pitting, etc.
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These fragments became more interesting when viewed between
crossed nicols. The spaces between the walls were filled with
a colourless mineral, which compensated with the quartz wedge,
was insoluble in nitric acid, and gave the quartz polarization
colours. It was concluded that this was quartz. This mineral did
not exist as a mosaic, but a complete crystal of quartz filled each
cavity.

THE CONGLOMERATES.

The bands of conglomerates appear mainly in the vicinity of the
No. 2 Rhondda, although they occur locally at almost every horizon.
In the Rhondda Valley near Ferndale there is a conglomerate con-
sisting of ironstone and coal pebbles, quartzite pebbles, and plant
remains replaced mainly by iron carbonate. Sometimes the con-
glomerates were overlaid by sandstones or lenticular coal-seams,
and in places were immediately covered by sandy shales. Numerous
pebbles from the conglomerates were sliced, but all were very similar,
the most striking feature being the great proportion of large quartz
pebbles, all of which were very strained, showing strong undulose
extinction. These pebbles appear to have been derived from rocks
which had been subjected to great earth movement, and at one
time probably formed part of some pre-Cambrian ridge. Pebbles
of shale, chert, sandstone, and quartzite have been found in these
conglomerates.

The occurrence of coal pebbles is significant, and suggests that
coal-seams were already undergoing denudation at this period. The
cement of these conglomerates varies from almost purely
recrystallized quartz to a sandy and carbonaceous matrix.

THE SHALES.

The shales, which occur at many horizons, may be described as
sandy shales. They contain a large proportion of subangular quartz
grains, and abundant white mica. They appear to contain a larger
proportion of calcium and iron carbonates than the sandstones,
and also more pyrrhotite, pyrites, sphaerosiderite, corundum (?),
zircon, and rutile. In addition to the forms described above,
rutile needles have been found in the shales. Green pleochroic
cleavage flakes of chlorite are abundant in every specimen examined.
These shales are petrologically remarkably similar to the sandstones
of the Pennants, except that the shales appear to contain a higher
heavier mineral content. The heavy minerals are found concentrated
in layers, different parts of the same specimen containing practically
none, or abundant, heavy minerals.

THE CLAYS.

Lenticular patches of clay have been found amongst the sand-
stones, particularly in a quarry due south of Caerphilly in the south
crop. These reddish clays contain iron in the form of oxide, which
can be observed under the microscope as a pellicle on the minute
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quartz grains. The clay was thoroughly washed and decanted.
Abundant chlorite similar to that of the sandstones was found,
white mica in basal cleavage flakes, some rounded grains of zircon,
and needles of rutile were relatively abundant. Neither pyrrhotite
nor pyrites was found. Carbonaceous matter formed a large pro-
portion of the material in the clay.

THE SANDSTONES BELOW THE NO. 2 RHOXDDA.

The sandstone below the No. 2 Rhondda coal-seam is exactly
similar to that above, with the exception that fluorite, biotite,
and sphaarosiderite have not yet been found.

The presence of iron carbonate in the cement, a, relatively large
proportion of chlorite and pyrrhotite, together with chert as an
original constituent, and large quantities of secondary silica, prove
that lithologically these sandstones are identical with those above
the No. 2 Rhondda.

SUMMARY.

The occurrence of iron carbonate as a part of the cement in the
Pennant Sandstone is not extraordinary, when the large amount of
entombed organic matter is taken into consideration. The presence of
organic material and the products of decay, the so-called humus
acids, acting as reducing agents, would aid in the formation of
iron carbonate and prevent its oxidation. Much of this carbonate
probably owes its presence to a metasomatic replacement of calcium
carbonate. The granules of siderite may have been derived from
rocks similar to those of the Lower Coal Series of South "Wales. The
alkaline carbonates which hold the humic substances in solution would
readily dissolve silica, thus becoming effective agents in the solution
and redeposition of silica in the rock. A solvent of this kind would
be formed by the impregnation of alkaline salts by carbonic acid.1

The occurrence of so much secondary silica in the rock is probably
the result of a redeposition of silica from such a solution. No oxides
of iron have been found in any of the numerous separations, either
by means of heavy liquids or the electro-magnet; their absence is
easily explained when we consider the strongly reducing environment
of the deposition and consolidation of the Pennant Sandstone. The
perfectly rounded globules of sphserosiderite may have been pre-
cipitated whilst the sandstones were being deposited, but more
probably derived from the denudation of fireclays similar to those of
the Lower Coal Series of South Wales.2 The dominant mineral
chlorite, existing as perfect cleavage flakes, is entirely distinct from
the secondary aggregates of chlorite in the rock, and was probably
deposited in its present form. I have examined a powdered specimen
of the Delabole Slates of Cornwall (Upper Devonian), and have found

J Clark, " Data of Geochemistry": U.S. Geol. Surv., Bull. 616, 1916,
p. 483.

2 Gregory, Proc. Royal Soc. Edin., vol. xxx, 1910, p. 359.
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in it a large proportion of chlorite flakes, exactly like the detrital
chlorite of the Pennant Sandstone. The very few flakes of biotite
found show little trace of alteration. The paucity of heavy minerals
indicates that the Pennant sediments had not a granitic source ;
they were mainly derived from pre-existing sediments which were
rich in chert, had abundant chloritic material present, and yet were
capable of furnishing fairly fresh biotite. Metamorphosed shales
would account for the presence of cordierite and corundum.

The false-bedding of the sandstones, the occasional rapid
alternation from conglomerate to sandy shale, and the entombment
of large amounts of vegetable material in the strata suggest that the
Pennant Sandstones were deposited under estuarine or lagoon
conditions. The adjoining shores were probably covered with a rich
vegetation which contributed material such as spore-cases, twigs, and
branches to the waters of the lagoon.

The lenticular patches of detrital coal, and the conglomerates
with ironstone and coal pebbles, points to the fact that areas of
Lower Coal Measure age were undergoing denudation.

The Welsh Coal Series thickens considerably in a south-west
direction, and reaches a maximum in south-west Glamorganshire.
This increase in thickness is due, not only to a thickening of
individual sandstone and shale bands, but also to a south-west
incoming of fresh strata and more coal-seams.1 This suggests that
the source of the Pennant Series must be sought in that direction,
i.e. south-west (approximately).

The lenticles of coal and shale, etc., which are formed through
current bedding, have, in the majority of cases, a long axis in a north-
east—south-west direction. Moreover, the steep side of each portion
of false-bedding generally faces the north-east; apparently the
currents which carried these sediments came from the south-west.

THE PROBABLE SOURCE.

The great development of schalstein and spilites in Cornwall,
beginning in the Middle Devonian and attaining a maximum in
Lower Carboniferous times, was only a westward prolongation of a
great mass of pillow lavas, extending from Moravia across the
Rhine into England.1 There is no reason to suppose that these
spilites did not occur further westward than the Cornish shores,
and as the spilitic suite of rocks are characteristic of geosynclinal
action, it is probable that a land-mass extended parallel to this
line of spilites, which were formed in a trough running approximately
east and west.

Spilites are characteristic of continued subsidence, and do not
accompany important uplift, yet those of Devon and Cornwall
do not extend into a horizon higher than the Lower Carboniferous.2

1 Stralian, in " The Country around Swansea" : 3Iem. Gsol. Sun:, 1907,
p. 33.

2 Jukes-Browne, Straligraphical Geology, 1912, p . 309.
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This probably indicates that the long subsidence from Ordovician
times had finished, and that a crumpling of the geosyncline had
begun before Middle Coal Measure times.

There is nothing in the Culm Measures to indicate the presence
of Transition or Upper Coal Measures,1 and it is possible that regions
similar to these were undergoing denudation during Middle,
Transition, and Upper Coal Measure times, contributing the quartz,
chert, chlorite, mica, badly weathered felspars, etc., to form the
Pennant Series.

The strike of both the bedding and cleavage of the Delabole
Slates is north-west to south-east.2 An anticlinal movement with an
axis running approximately north-west—south-east would account
for the similar direction of cleavage strike, and at the same time
provide a shore line during early Coal Measure times, which would
supply the material for the sediments of the Pennant Series.

The fact that the lowest horizon of the Pembrokeshire Coalfield
as indicated by the fossil flora is one of Middle Coal Measure times
(i.e. Lower Coal Measures are not represented by the Coal Series)
suggests that the whole of the Coal Series of South Wales was formed
subsequent to the crumpling of the geosyncline, which was initiated
towards the end of the Lower Carboniferous period.

CONCLUSIONS.

(1) The sandstones below the No. 2 Rhondda coal-seam, east of the
River Tafi, are petrologically identical with the Pennant Sandstones.
The lower boundary of the Pennant Series, east of the Tafi, in my
opinion, ought to be fixed, not at the J\To. 2 Rhondda, but at the
base of these sandstones.

(2) The Pennants were deposited in a strongly reducing environ-
ment caused by decaying vegetable matter, probably under lagoon
conditions.

(3) Their source was in a south-west (approximately) direction,
and probably originated during uplift in early Coal Measure times,
causing Carboniferous and Devonian rocks, and possibly some
Pre-Cambrian ridge to be denuded.

(4) Up to the present I have been unable to obtain any satisfactory
means of zoning these rocks by lithological characteristics, although
when first mapping the area such a zoning appeared highly probable.

I have to express my indebtedness to Professor A. H. Cox, Ph.D.,
D.Sc, and to Professor 0. T. Jones, M.A., D.Sc, for their valuable
advice and criticism.

1 Dewey & Flett, " British Pillow Lavas" : GEOL. MAG., 1911, p. 205.
2 Howe, Geol. of Building Stones (Arnold), 1910, p. 299.


